Biparametric Magnetic Resonance Imaging (bpMRI) of the prostate combining both morphologic T2-weighted imaging (T2WI) and diffusion-weighted imaging (DWI) is emerging as an alternative to multiparametric MRI (mpMRI) to detect, to localize and to guide prostatic targeted biopsy in patients with suspicious prostate cancer (PCa). BpMRI overcomes some limitations of mpMRI such as the costs, the time required to perform the study, the use of gadolinium-based contrast agents and the lack of a guidance for management of score 3 lesions equivocal for significant PCa. In our experience the optimal and similar clinical results of the bpMRI in comparison to mpMRI are essentially related to the DWI that we consider the dominant sequence for detection suspicious PCa both in transition and in peripheral zone. In clinical practice, the adoption of bpMRI standardized scoring system, indicating the likelihood to diagnose a clinically significant PCa and establishing the management of each suspicious category (from 1 to 4), could represent the rationale to simplify and to improve the current interpretation of mpMRI based on Prostate Imaging and Reporting Archiving Data System version 2 (PI-RADS v2). In this review article we report and describe the current knowledge about bpMRI in the detection of suspicious PCa and a simplified PI-RADS based on bpMRI for management of each suspicious PCa categories to facilitate the communication between radiologists and urologists.
Introduction
Prostate cancer (PCa) is the most common cancer among men and the second and third leading cause of cancer-related death in the United States and Europe, respectively. [1] [2] [3] Accurate detection and localization of the suspicious PCa is of paramount importance for appropriate management. Diagnostic algorithm based on several parameters [digital rectal examination, serum prostate-specific antigen (PSA) and transrectal ultrasound (TRUS)-guided prostate biopsy and nomograms] provides limited information for this purpose. [4] Magnetic resonance imaging (MRI) of the prostate with T2-weighted imaging (T2WI) was first described in the mid-1980s. [5, 6] T2WI suffered from relatively poor sensitivity and specificity for detecting PCa and showed moderate accuracy in loco-regional staging. [7] T2WI and dynamic contrast-enhanced (DCE) MRI protocol with endorectal coil (ERC) have not improved the diagnostic performance of MRI in the detection of PCa especially in the transition zone (TZ). A sensitivity of 55-88% and 46-90% and a specificity of 67-82% and 74-96% were reported by different authors for T2WI and DCE-MRI, respectively. [8] [9] [10] The introduction of diffusion-weighted imaging (DWI) by measurement of the restriction of water diffusion of suspicious lesions has significantly improved the detection and localization of PCa in clinical practice.
State-of-the-art high field strength (1.5T and 3T) MRI technologies in multiparametric MRI (mpMRI) of the prostate (incorporating T2WI, DWI and DCE sequences) represents the most comprehensive diagnostic approach for PCa and it is actually considered the reference standard imaging modality in detecting, localizing and staging prostate cancer. [14] [15] [16] [17] MpMRI interpretation is based on Prostate Imaging and Reporting Archiving Data System version 2 (PI-RADS v2) [18] , introduced to improve standardization of MRI interpretation by reporting suspicion scores (1-to 5-point scale based on fixed criteria) to provide clinical management guideline for suspicious PCa.
MpMRI demonstrated that PCa is often multifocal and increased the sensitivity of conventional MRI in the detection of PCa, especially involving TZ and anterior fibromuscular stroma. [19, 20] MpMRI has some limitations such as its higher cost, longer time required to complete the study and the use of gadolinium-based contrast agents. Moreover, PI-RADS v2 does not offer a clear guidance for clinical management of PI-RADS score 3 lesions. [18] Biparametric MRI (bpMRI), including T2W and DW MRI series, has been recently proposed to overcome these limitations and to offer a more appropriate management of PCa. [21] [22] [23] [24] [25] [26] [27] [28] The benefits of bpMRI are represented by the reduced costs, shorter time required to complete the study, and the no-use of gadolinium. In addition, bpMRI provides similar results to those of mpMRI for the detection and localization of PCa. [24, 29] Different studies have also demonstrated the validity of the lesion volume as predictor of PCa and aggressiveness of the lesion. [30] Several authors have also reported a good correlation between radiologic estimation of the lesion volume and histology of the tumor volüme. [19, 25, 30] A potential of bpMRI is represented by the management (biopsy or clinical surveillance) of the score 3 lesions through the calculation of their volume (cut-off of 0.5 cm 3 ) which is consequently a simplification of PI-RADS v2. In this article we review the bpMRI of the prostate and its performance in the detection, localization and management of PCa.
Clinical history
The following information should be available before MRI acquisition and interpretation in men with suspicious PCa: PSA values (recent, and previous), family history for PCa, persistently, and highly suspicious prostatic lesion despite negative standard 12-core biopsy, previous diagnosis of High Grade Prostatic Intraepithelial Neoplasia (HGPIN) or Atypical Small Acinar Proliferation (ASAP).
Biparametric MRI implementation and technical requirements
A diagnostic prostate bpMRI is achievable at 1.5T field strength, even when not using ERC or preferentially by 3T system if available. In our 6 years experience, bpMRI has been performed using 3T scanner (Achieva, Philips Medical Systems, Healthcare, Eindhoven, the Netherlands) with 16-channels torso phasedpelvic array. Imaging with high signal to noise ratio (SNR) of the entire gland, capsule and neurovascular bundles is obtained, and lesions have been accurately detected, and localized. Patients with contraindications for MRI have to be excluded. When possible, patients should evacuate the rectum just prior to the MRI exam. Administration of antispasmolytics such as butylscopolamine may be helpful to reduce intestinal peristalsis.
T2-weighted imaging
High-resolution T2WI turbo-spin echo (TSE) allows morphological informations depicting prostate gland anatomy [peripheral zone (PZ), TZ, capsule and neurovascular bundle] and any suspicious lesions. The T2WI-TSE sequence is acquired in the axial, sagittal and coronal planes. It allows measurement of both prostate and lesion volume, localizes suspicious PCa within the gland and guides targeted biopsy. In addition, sagittal and coronal planes are useful for evaluating extracapsular extension (ECE) of PCa (e.g. seminal vesicle invasion).
On T2WI, PCa localized in PZ appears predominantly and distinctly hypointense compared to the hyperintense glandular tissue of the PZ [31] , and when ECE is recognizable on T2WI, it must be interpreted as a reliable sign of malignancy. In TZ different but morphologically similar entities (e.g. post-inflammatory or post-biopsy scars, atrophic changes, prostatitis, granulomatous prostatitis, intraepithelial neoplasia (PIN) or post-treatment lesions and often benign prostatic hyperplasia [BPH] ) [32] [33] [34] that appear as focal hypointense areas, may mimic PCa.
Post-biopsy hemorrhages (generally persisting for several months after biopsy, so it is suggested an interval of at least six weeks before performing MRI) [18] also appear hypointense on T2WI but hyperintense on fat-suppressed T1-weighted gradient-echo sequence with High-Resolution Isotropic Volume Excitation (THRIVE). In addition, an axial TSE T2W high resolution spectral pre-saturation inversion recovery (HR SPIR) sequence, using an extended field-of-view (FOV), allows the detection of enlarged parailiac and locoregional lymph nodes and/or skeletal metastases.
PI-RADS v2 considers T2WI the dominant sequence in the detection of PCa localized in TZ. T2WI is performed using an echo time (TE) of 100-120 ms and a long repetition time (TR) of 4000 -8000 ms (depending on the equipment and B0 field strength), a minimum slice thickness of 3 mm at 1.5T or at 3T with no gap, and a minimum in-plane resolution of 0.7 × 0.7 mm for both field strengths. In practice we perform T2WI acquisitions on axial, coronal and sagittal planes to detect more rapidly the lesions and to asses extraglandular extension of disease. On our 3T system a FOV approximately of 18 cm, with matrices of 212 × 212 (frequency × phase) and slice thicknesses of 2 mm with no gap is used.
Diffusion-Weighted Imaging
DWI analyzes the movement (diffusion) of water molecules and expresses it by a parameter known as the apparent diffusion coefficient (ADC). Restriction of water diffusion in PCa, due to numerous intact cell membranes and scarce extracellular spaces, with a resultant decrease in the ADC value, is measured. PCa shows lower ADC or restricted diffusion surrounding healthy prostate tissue and appears hyperintense on the diffusionweighted (DWI) images with high b-value and hypointense on ADC maps. [35, 36] The different numbers and magnitudes of the selected b-values may determine variations in the ADC results related to different field strengths. [37] Although several studies showed the potential of quantitative ADC values for differentiating high Gleason score (GS) from low GS PCa, an overlapping between benign and malignant lesions exists and ADC values for this differentiation vary among different MR systems. PI-RADS v2 [18] considers DWI the dominant sequence to identify tumors in PZ, while in our experience we have considered DWI the dominant sequence for detection of PCa in both TZ and PZ and only visual analysis of lesions on ADC map has been performed.
DWI is generally performed with a single-shot echo-planar (SS-EPI) sequence in the same axial orientation of the T2WI. Diffusion gradients should be applied in 3 orthogonal spatial directions. A minimum of 3, ideally 5, b-values > 1000 s/mm 2 should be used. TE should be as short as possible (typically <90 ms). The sequence is prone to susceptibility artefacts that may lead to distortions of the DW images due to adjacent bowel gas.
The measurement of restricted diffusion in tumor tissue using high b-values improves diagnostic accuracy of MRI for PCa.
Minimum slice thickness of 3 mm with no gap and 2 number of excitations (NEX) should be used. B-values 0-2000 s/mm 2 with ADC map are generated. According to PI-RADS v2, a maximum b-value of 2000 s/mm 2 may be used. DWI with very high b-values may be challenging in some systems due to excessive loss of SNR, particularly if imaging at 1.5T or without using ERC is obtained. [38] On our 3T system we perform DWI acquisitions on axial plane, slice thicknesses of 2 mm with no gap using 124 x 100 (frequency x phase) matrices, a FOV of 28-32 cm, and 4 b-values 0-2000 s/mm 2 with reconstruction of ADC maps. BpMRI acquisition protocol and sequence parameters are presented in Table 1 .
Biparametric vs multiparametric MRI in the detection of prostate cancer PI-RADS v2 and several studies [18, 20, 27, 28, 39] recognized that the data supporting the role of DCE are limited and the added value provided by DCE to T2WI and DWI appears to be modest. Costs, time required to perform the study, gadolinium-based contrast media potential risk in patients with impaired renal function and its accumulation in the central nervous system represent the major drawbacks of DCE. [40] The value of bpMRI in the detection of PCa using 1.5T MRI with endorectal coil has been reported. [23, 41] Recently, it has been demonstrated that the sensitivity of bpMRI at 3T without endorectal coil in the detection PCa is similar to that of mpMRI. [20, 24, 27, 28, [42] [43] [44] The diagnostic value of bpMRI in men with or without prior biopsy and combined with PSA has been validated, resulting in an improved accuracy for detecting clinically significant PCa (sPCa) and representing an effective technique to direct biopsy needles under TRUS guidance, after MRI-ultrasonography fusion. [20, 23, 28] For diagnosis of clinically sPCa in patients with elevated PSA before biopsy, DCE was found to be an unnecessary imaging technique in the majority of patients evaluated by PI-RADS v2. [27, 42] In our experience, the high sensitivity of DWI/ADC associated with T2WI, corresponding to the performance of DWI alone (97.6%, 100% and 94.7% for, respectively, all lesions, PZ and TZ), was equal to that of mpMRI for lesions in PZ, TZ and in the anterior fibromuscular stroma. [24] The sensitivity rates of bpMRI and mpMRI at 3T without ERC in the detection of PCa are 61.8-97.6%, and 72.9-97.6%, respectively ( Table 2) . [20, 24, 27, 28, [42] [43] [44] Biparametric MRI: lesion detection and localization According to the criteria and lexicon of the PI-RADS v2 guidelines [18] , the bpMRI images' analysis is based on the recognition of lesion patterns on T2WI and DWI and corresponding ADC maps. Because in our experience DWI represents the predominant sequence to detect lesions both in PZ and TZ with confirmed image quality, for routine clinical work we recommend starting viewing DWI with high b-values (and the same sequence inverted) on ADC maps and subsequently at T2WI.
The index lesion is detected as a focal area with hyperintensity on DWI with high b-values and mild/moderate or marked hypointensity on ADC maps, and moderate or marked hypointensity on T2WI. A standard bpMRI layout of our prostate image display is shown in Figure 1 .
Prostate is analyzed from the seminal vesicles to the apex for the detection of focal lesions localized in the PZ and TZ. Findings based on bpMRI are described and at maximum 4 index lesions are identified and localized according to the 39 sector/region-prostate map model reported in PI-RADS v2 [18] within approximately 15 minutes. In cases with significant enlargement of TZ and presence of median lobe, to localize lesions in this side, we propose a 41 sector/region-prostate map model, by adding two segments (right and left) of an intravescical median lobe (Figure 2 ).
Biparametric MRI volume calculation for the management of score 3 lesions
One of the major drawback of PI-RADS v2 is that it does not offer a precise guidance on clinical management (biopsy or clinical surveillance) of score 3 lesions (equivocal for clinical sPCa). Some authors biopsize all PI-RADS score 3 lesions [44] leading to increased number of unnecessary biopsies, on the other hand, others have demonstrated that PI-RADS score 3 lesions are associated with low likelihood of clinically sPCa, concluding that these lesions should not be sampled but monitored only. [45] Several studies [25, 29] have demonstrated the adequacy of MRI lesion volume estimation compared to histopathological tumor volume. According to the Epstein criteria [46] , the presence of sPCa should be predicted by lesion volume measurement, using a cut-off value of 0.5 cm 3 .
We discriminated two subgroups as 3a (<0.5 cm 3 ) and 3b (> 0.5 cm 3 ) PI-RADS v2 3 score lesions (lesions both in PZ and in TZ, moderately hypointense on T2, hyperintense on high b-value DWI and mildly/moderately hypointense on ADC map) [47] , proposed a simplified PI-RADS (S-PI-RADS) score based on bpMRI and focused on the clinical management of PI-RADS v2 score 3 lesions. S-PI-RADS scoring system consists of 4 lesion categories (from 1 to 4), considers volumes of all score 3 lesions and includes all PI-RADS v2 score 4 and 5 lesions within a single risk category (score 4).
Lesion volume for score 3 lesions should be calculated using the ellipsoidal formula (width x height x length x 0.52) or alternatively using a software (Mimics Innovation Suite, Materialise NV, Leuven, Belgium) with three-dimensional (3D) reconstruction, drawing a freehand region of interest (ROI) around the discernible index lesion on the inverted DWI with a high b-value (Figure 3 ).
S-PI-RADS: communication of findings and management
In our experience, the adoption of S-PI-RADS based on bpMRI of suspicious lesions offers the advantage of an easier communication of findings between radiologists and urologists and a precise indication for the management of each risk category. The S-PI-RADS scheme adapted to bpMRI and clinical management of each category is presented in Figure 4 .
S-PI-RADS category 1 corresponds to PI-RADS v2 score 1 lesion: moderately homogeneous signal intensity (normal) on T2WI and no abnormality on DWI/ADC. Follow-up with PSA is indicated.
S-PI-RADS category 2 corresponds to PI-RADS v2 score 2 lesion: circumscribed hypointense area on T2WI without restriction on diffusion on DWI/ADC. Follow-up with PSA and bpMRI eventually within 2 years is indicated.
S-PI-RADS category 3 includes PI-RADS v2 score 3 lesion: focal rounded, lenticular or irregular lesion moderately heterogeneous or homogeneous hypointense on T2WI, mildly/ moderately hyperintense on DWI with high b-values and moderately hypointense on ADC map. For lesions with volume <0.5 cm 3 (subgroup a) accurate evaluation of age and clinical information, periodic monitoring of PSA value and repetition of bpMRI 1 year later is suggested. This approach is related to the fact that indolent PCa remains stable over time from diagnosis [48] and lesions with volume <0.5 cm 3 include a minimal percentage of GS score 7 adenocarcinoma (about 2%). [30] A score 3 lesion becomes suitable of bioptic check if its volume reaches 0. Thereafter, the entire pelvis should be analyzed for lymph node involvement, bone metastases and other findings. As reported, especially DW sequences of the entire pelvis in combination with meticulous analysis of T2W STIR sequence help to detect lymph node metastases. [49] At our institution we formulate the report in a structured way on a free text basis. The bpMRI report includes clinical notes, technical details, findings [prostate volume, detection and localization of the lesion (at maximum 4 lesions are indicated), volume calculation for score 3 lesions, assessment of the lesion's category and its management]. Besides possible ECE and infiltration of the neurovascular bundle and seminal vesicles as well as infiltration of adjacent organs, exact location, number and size of possible lymph node metastases in the entire pelvis, and bone metastases are also recorded.
The knowledge of already categorized and reported pitfalls (normal anatomic structures, noncancerous abnormalities and technical challenges related to DW sequences) in PCa, [50] may aid the radiologist to reduce false-positive results obtained with bpMRI. These pitfalls, of which the radiologist have to be aware of, are presented in Table 3 .
Conclusion
BpMRI (morphological T2WI and DWI) allows an accurate detection and localization of suspicious PCa, in addition to reduction of the time required to complete the study, lower costs without using gadolinium. BpMRI and lesion volume measurement for PI-RADS score 3 lesions discriminate 4 categories of lesions for each of which a corresponding S-PI-RADS category 2: focal rounded, lenticular or irregular mild/moderately or markedly hypointensity area on T2WI without restriction on diffusion on DWI/ADC. Follow-up by PSA and biparametric MRI eventually within 2 years is indicated. S-PI-RADS category 3: includes 1): subgroup a (lesion volume: <0.5 cm3: round lesion moderately hypointense on T2WI (arrow), hyperintense on high b-value DWI (arrow) and inverted(arrow), and moderately hypointense on ADC map (arrow): accurate evaluation of age, clinical informations, periodic monitoring of PSA value and repetition of bpMRI 1 year later is suggested; 2) subgroup b (lesion volume: >0.5 cm3): lenticular lesion moderately hypointense on T2WI (arrow), hyperintense on high b-value DWI (arrow) and inverted (arrow), and moderately hypointense on ADC map (arrow). Targeted biopsy is indicated. S-PI-RADS category 4: includes PI-RADS v2 score 4 (intraglandular lesions) and 5 (lesions extending to an area outside of the prostate or bulging the capsule of the prostate and/or invasion of the seminal vesicles lesions). Focal lenticular lesion markedly hypointense on T2WI (arrow), hyperintense on high b-value DWI (arrow) and inverted (arrow), and markedly hypointense on ADC map (arrow). Targeted biopsy is indicated. 
